The mechanism of the formation of an air bubble due to an oscillating cavitation bubble in its vicinity is reported from an experimental study using high-speed imaging. The cavitation bubble is created close to the free surface of water using a low-voltage spark circuit comprising two copper electrodes in contact with each other. Before the bubble is created, a third copper wire is positioned in contact with the free surface of water close to the two crossing electrodes. Due to surface tension at the triple point (wire-water-air) interface, a small dip is observed in the free surface at the point where the wire is immersed. When the cavitation bubble is created, the bubble pushes at the dip while expanding and pulls at it while collapsing. The collapse phase leads to the entrapment of an air bubble at the wire immersion point. During this phase, the air bubble undergoes a 'catapult' effect, i.e., it expands to a maximum size and then collapses with a microjet at the free surface. To the best of our knowledge, this mechanism has not been reported so far. A parametric study is also conducted to understand the effects of wire orientation and bubble distance from the free surface.
It is well known that an oscillating non-equilibrium bubble in a non-uniform surrounding pressure field such as due to the presence of a free surface or a rigid boundary leads to the formation of a re-entrant jet in the bubble in its collapse phase. This re-entrant jet is directed away from free surface [1, 2] and towards rigid boundary [3, 4] . The collapse of the bubble is also accompanied by the formation of shock waves. In cases, where the bubble is created close to a free surface, there are also jets formed on the free surface [1, 2] in addition to the re-entrant jet in the bubble. Depending on the distance of the bubble from the free-surface, a variety of different jets have been observed such as water film, spraying water film, swallowed water spike, etc [5] .
Researchers have also reported other means to create free surface jets. For example, Kian et al. [4] conducted experiments where they saw high speed jets at the meniscus inside a capillary tube caused by flow focusing at the meniscus due to a shock wave. Tagawa et al. [6] also reported a phenomenon where a laser induced bubble is created close to the meniscus in a capillary tube. They found that a shock wave is generated at the onset of bubble generation, and the interaction of this shock wave with the liquid meniscus lead to the generation of jets with velocities up to 850 m s −1 . Blake et al. [7] have performed experiments to understand the interaction of two oscillating bubbles near a solid boundary. They have concluded that the presence of a bubble near another bubble also effects the behavior of the bubble. Jungnickel et al. [8] have conducted experiments to study the interaction of two laser induced cavitation bubbles. They inferred that the dominant interaction mechanism between the bubbles is due to the mutual interaction between the bubbles. Pain et al. [9] conducted experiments * badarinath@iith.ac.in to illustrate the interaction of a stationary bubble with an oscillating bubble and found that this interaction leads to a jet in the stationary bubble with a velocity up to 250 m s −1 . Here, the stationary bubble was trapped inside a droplet before creating the oscillating bubble. The interaction of multiple oscillating bubbles are also studied by Fong et al. [10] and several complex phenomena such as bubble splitting and high-speed jetting inside one bubble caused by the collapse of a nearby bubble were investigated. Karri et al. [11, 12] reported experiments where a bubble was created below a hole in a plate which itself was placed near a free surface. This led to impinging jets at the free surface and spray formation because of the hole in the plate.
Recently, Avila et al. [13] used a similar concept at the micrometer length scale where a hemispherical cavitation bubble led to a primary and secondary fast transient jets through a holed plate. They also tested these jets for potential drug delivery applications in-vivo by using agarose gel as skin phantom. Liquid microjetting at the free surface was also achieved using optoacoustic cavitation, wherein a carbon-nono-tube (CNT) based lens was used to convert light energy of a laser into acoustic energy [14] . A cavitation bubble created inside an armoured droplet (liquid drop surrounded by solid particles) led to a plethora of jets evolving out of the armoured droplet [15] .
As noted from the above literatures, the 'bubblebubble' interactions can be classified as either interaction of an oscillating bubble with a stationary bubble or interaction of multiple oscillating bubbles. In the present study, we report a new kind of interaction, where an air bubble is created by the interaction of an oscillating bubble with a disturbed free surface. The interaction is somewhat similar to that reported by Pain et al. [9] . However, in their case, the stationary bubble was entrapped in an oil droplet before the generation of cavitation bubble close to it. In our experiments, the oscillating bubble itself creates a nearby air bubble. The interaction between these bubbles leads to an upward moving microjet.
Experimental set-up: The schematic of the set-up is shown in Figure 1 (a). This consists of a Perspex tank (of size 450 mm × 450 mm × 450 mm) filled with water (∼ 75% volume). A thin wire is inserted inside water at the free surface, which forms a triple point (wire-air-water) interface with a small dip due to surface tension (shown in Figure 1(b) ). A low-voltage spark circuit similar to that described by Goh et al. [16] is used to generate a bubble below the triple point interface. The circuit uses the principle of charging capacitors to a voltage up to 180 V through a DC power supply, and then allowing them to be short-circuited through a pair of electrodes which are placed in water. The charging, discharging and sparking circuits are connected to relays and a metal-oxidesemiconductor field-effect transistor (MOSFET), and the different parts of the circuit are controlled using NI-DAQ (model USB-6008) through a LabVIEW program.
When the capacitors are discharged through the electrodes, a cavitation bubble is created at the junction of the electrodes with R max of 10.5 mm at 150 V and 12.4 mm at 180 V. The bubble pushes at the dip (at the triple point interface) while expanding and pulls at it while collapsing. Due to this push and pull of the dip, a tiny air bubble gets entrapped in water at the wire immersion point. When the cavitation bubble collapses completely, this entrapped air bubble also collapses leading to high speed unsteady microjets at the free surface. The interaction of the entrapped air bubble with the spark generated cavitation bubble and the microjets at the free surface are recorded using a high-speed camera (Phantom V12.1, 8 bit images of 256 × 540 pixels, for a nominal resolution of 6 pixels/mm) with diffused back-lit illumination (LED lighting, model 900445, 12,000 lm, Visual Instrumentation Corporation). A tracing paper is used to diffuse the back light uniformly. The focal plane of the camera is always on the wire at the free surface. In order to capture the microjets, images are acquired at 20,000 frames per second (fps) with an exposure time of 10 µs. Figure 1(b) shows the pictorial representation of the parameters considered in the experiments. Two different parameters are varied in the experiments: (i) the orientation of the immersed wire at the free surface, and (ii) the distance of the bubble from the triple point interface (h f ) non-dimensionalized with respect to the bubble radius (h N D ≡ h f /R max ). Note that the experiments are conducted at room temperature and atmospheric pressure. The images presented below are cropped to remove extraneous details. Discussion: Figure 2 shows a typical case to illustrate the dynamics of the formation of the entrapped bubble and high-speed jets because of the cavitation bubble. In this case, the bubble is created at t = 0 ms (sparking time), grows to its maximum radius, R max of 12 mm at t = 2.05 ms and then collapses at t = 3.8 ms with a reentrant jet directed away from the free surface. The bubble subsequently disintegrates from t = 3.8 ms onwards as seen in the images. During the collapse phase, we can first see an entrapped bubble at t = 2.7 ms which grows and is clearly visible at t = 3.45 ms. After the collapse of the spark bubble at t = 3.8 ms, the entrapped bubble collapses and an initial jet as shown from t = 5 ms to about 10 ms clearly. The behaviour of the entrapped bubble can be compared with that of a 'catapult', wherein the entrapped bubble is undergoing expansion and contrac- tion due to push and pull at the dip by the cavitation bubble. Note that this jet due to the entrapped bubble first appears at t = 4.6 ms. At t = 10 ms, we notice a thin upper portion and a thick lower portion in the jet. This actually corresponds to two different jets, wherein the thick jet follows the first thin jet. From t ≈ 10 ms to t ≈ 32.5 ms, we see the second thick jet evolving and breaking up. The thick jet appears to be due to inertia induced in water surface by the movement of the thin jet. In this period, we also see the movement of the free surface as has been reported in an earlier study [5] . A movie showing the entire phenomenon is presented as supplementary movie 1. Supplementary movie 2 shows the top of the free surface, the dip due to the wire and the push-pull of the entrapped bubble, by recording the images at an inclined angle. Figure 3 shows the dynamics of the entrapped bubble and free surface microjet along with the cavitation bubble under conditions when either the cavitation bubblecenter is not in line with the triple-point or the wire is inclined. Four different combinations of parameters can be deduced: (a) Wire is perpendicular to the free surface and the cavitation bubble center is in-line with the triple point (Fig. 2) , (b) Wire is inclined and the cavitation bubble center is horizontally offset from the triple-point (Fig. 3 top row) , (c) Wire is inclined and the cavita- tion bubble center is in-line with the triple point ( Fig. 3  middle row) , and (d) Wire is perpendicular to the free surface and the cavitation bubble is offset from the triple point ( Fig. 3 bottom row) .
A comparison of the cases in Fig. 3 and Fig. 2 (base case) reveals that the entrapped bubble after formation always expands with its diameter along the line joining the triple-point with the center of the cavitation bubble as it expands(see Figure 3 , t = 3 ms in top row, t = 3.2 ms in middle row and t = 2.7 ms in bottom row). When the wire is inclined or the bubble is offset, the surface microjet which forms after the entrapped bubble's collapse usually breaks up into a spray. A possible reason for this observation of break-up of jets could be that the microjet emerges from the free surface at an angle to the wire orientation unlike in the base case where the microjet emerges in the same direction as the wire orientation. This has been observed consistently across repeated experiments similar to that shown in Figure 3 . Note that the bubble and the electrode cover are lying in parallel planes, but due to line-of-sight 2D visualisation, it gives an impression that they are in contact (see Fig. 3 top row) while it is not actually so. We also observed through several experiments that the orientation of the electrode cover does not effect the bubble dynamics.
The effect of varying the non-dimensional distance (h N D ) on the entrapped bubble and the microjet formation is presented in Figure 4 for two values of h N D , namely, h N D = 1.6 (top row) and h N D = 2.1 (bottom row). In both the cases, the maximum bubble radius, R max is fixed at 12.2 mm. A comparison of the top and bottom panels reveals that as h N D increases, the movement of the dip on the free surface decreases. This in turn is reflected in a smaller entrapped bubble and a less energetic jet (see frames corresponding to the same time).
It should be noted here that as the h N D is further increased, a limiting h N D of 2.6 is observed beyond which there is no effect of the cavitation bubble in forming an entrapped bubble. This limiting h N D is also observed to be independent of the bubble radius (voltage) over R max values range from 3.5 to 12.4 mm.
To summarise, the phenomenon of the formation of an entrapped air bubble and two microjets because of the creation of a cavitation bubble below a free surface is reported. When a wire is placed on the free surface creating a triple point (wire-water-air) interface and a cavitation bubble is created below it, then there is entrapment of an air bubble due to the expansion and collapse of the cavitation bubble resembling a 'catapult' effect. To the best of our knowledge, this behaviour has been reported for the first time in the present study. After the collapse of the cavitation bubble, the entrapped air bubble also collapses leading to two microjets on the free surface. The effect of the inclination of the wire and the nondimensional distance of the bubble from the free surface (h N D ) on the dynamics of the entrapped air bubble and the microjets are studied. An inclined wire leads to the formation of a spray, which is not observed in case of a wire placed perpendicular to the free surface. As h N D increases, the strength of the 'catapult' effect and the microjets decreases, eventually leading to a limiting h N D , for which no bubble entrapment takes place. Supplementary Material: Supplementary movie 1 illustrates bubble dynamics and formation of free surface microjets. Supplementary movie 2 shows the top of the free surface, the dip due to the wire and the push-pull of the entrapped bubble, by recording the images at an inclined angle.The parameters are the same as those used in Figure 2 .
